In this series review article, Negishi and colleagues address the structural flexibility and functional versatility of mammalian cytochromes P450 by introducing certain natural amino acid substitutions with high frequency site-directed mutagenesis.
Those residues that determine the substrate specificities of some cytochromes P450 have been identified and aligned according to the corresponding residues in the substrate-heme pockets of bacterial P450s, thus permitting the attribution of altered specificity to certain residues in these structures. Negishi and colleagues suggest that side chain size is the major determining factor of specificity, outweighing other factors such as polarity. These studies are complimentary to those by Graham-Lourence and Peterson (this series) in which substrate specificity can be more definitively assigned to the 3-dimensional arrangement of amino acid residues within the active site.
- 
AA at position
Hydroxyiase Activity
P450
117 209 481 the characteristics of P450 activity is exemplified by the mouse P450 2a-4/2a-5 system (Fig. 1) between the high (H) and low (L) coumarin 7-hydroxylase activity. High (H) testosterone 15tx-hydroxylase activity ofdP45O2a-4 is more than 30-fold greater than the low (L) activity in the P450s 2a-5. COH and T denote cournarin and testosterone, respectively. "nd' defines activity not detected. Regio-and sterospecificity of DHEA hydroxylase activity are shown by a major hydroxylated metabolite for each P450. Corresponding specificity in sP4502a-5 has not been determined. Among amino acids at the three positions (117,209, and 481), the unique residue (or residues) for each P450 is boxed. The phylogeny shown on the right side of the figure is constructed using a principle proposed by Nei and Cojobori (29) . The numbers on each branch are the inferred minimum number of nonsynonymous/synonymous substitutions that have occurred in each branch. The high rate of nonsynonymous substitutions to dP4502a4 indicates an adaptive mutation caused by strong selection as the rapid evolution mechanism. Consistently, four of the nine amino acid substitutions occurred at corresponding positions that constitute substrate binding sites in bacterial P450 101. system, the conserved residue Thr305 is also mapped. Homologous residues in bacterial P450 101 are shown above each position using our own and Hasemann's et al. (25) alignments. The same alignments are used to correlate critical residues of rat and rabbit P450s to the bacterial and mouse P450s. Three helices (B', F, and I ) and two n-sheets (3 and 5) are depicted from the structure of P450 101. Gotoh's (24) SRSs are localized on the mouse P450 using his alignment. A substitution at position 478 in rat P450 2B1 alters the stereospecificity of androstenedione 163-to 16a-hydroxylase activity (17, 30, 31 
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THE COMMON RESIDUES THAT DETERMINE THE SPECIFICITIES IN VARIOUS P450s
Are there common positions at which the types of residues regulate the specificities of various P450s? The answer appears to be "yes"; the corresponding positions to residues-117, 209, 365, and 481 of mouse P450 2a-4/2a-5 play key roles in determination of steroid hydroxylase activities in rat P450 2B and rabbit P450 2C enzymes (Fig. 2) . Similar roles for altering the specificity by change at the corresponding residues for two different P450s are most dramatically demonstrated in P450 2B1 (11 (13, 14) . The residue at position 380 in rat P450 2D1 determines bufuralol hydroxylase activity (15) . Thus, site-directed mutagenesis studies using steroids as substrates can also provide a basis for identifying important residues for xenobiotics metabolism.
FACTORS BY WHICH CRITICAL RESIDUES REGULATE P450 ACTIVITIES
Sizes of side chains
We know now that a single and minor substitution such as Val to Ala is sufficient to alter the specificity of P450 activity. Is there an underlying principle by which such substitutions can cause the profound effects seen for the
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The Leu at this position does not provide the P450 with detectable corticosterone hydroxylase activity, Val, on the other hand, does confer a low activity with corticosterone as substrate.
The dP4502a5H enzyme with Val at position 209 exhibits a 5-fold higher Km and a 22-fold lower Vrnax than observed for the P450 that has Asn-209. Thus, in addition to the size, the polarity of amino acid also plays some role in conferring activity. Moreover, the results suggest that a polar group at residue 209 may be required to be located at a crucial distance from the 11J3-hydroxyl of the steroid molecule in order for the P450 to exhibit high corticosterone hydroxylase activity.
Charge
Charged amino acids at position 209 or 481 shift the mouse P450s 2a-4 and 2a-5 to low-spin states (16, 20) . This observation is consistent with the hypothesis that the charged amino acids at these positions create an environment in which the heme iron can be hexacoordinated with water so that the P450s are converted to low-spin forms. In general, the placement of charged amino acids at key positions tends to decrease or even abolish P450 activities.
This conclusion appears to be reasonable in view of the fact that both the substrate and the environment of the substrate-heme pocket of P450s are generally hydrophobic.
TOPOLOGICAL
RELATIONS OF SPECIFIC POSITIONS OF THE STEROID LIGAND WITH CRITICAL RESIDUES OF THE P450s
The same Ala -- 4 Val substitutions alter the regio-and stereospecificities differently depending on the type of steroids and the position of the amino acid substitutions (Fig. 4) 
Homology aligmnent
Until quite recently, the only available 3-dimensional structure of a P450 was that for bacterial P450 101 (21, 22) . Multiple homology alignments of the mammalian enzymes with bacterial P450s have provided insight into defining the key amino acid residues in the substrateheme pocket of mammalian P450s. Soon after the pioneering work by Nelson and Strobel (23) , Gotoh (24) proposed that there were six putative substrate recognition sites (SRSs) in P450s of the subfamily 2. Gotoh's concept of SRSs is widely accepted and provides a basis for study of the structure-activity relationship of P450s. In fact, all of the common key residues regulating the specificity of steroid hydroxylase activities in the mammalian P450s reside in SRSs (Fig. 2) . A very recent review by Hasemann et al. (25) 
MODELING OF SUBSTRATE BINDING ORIENTATION
Unlike many other modeling studies that place a substrate hydroxylation site at position C4 of camphor in the P450 101 pocket, our modeling work has used the possible association of a functional group of the steroid molecule with a key residue of the enzyme in the initial docking process. Based on our finding that Asn at position 209 may be near the 11 3OH of corticosterone in the substrate pocket, the steroid molecule was placed approximately perpendicular to the heme plane so that the 11OH is directed toward Met'84 in P450 101 (6). Energy minimization verified that the P450 101 pocket can accommodate the steroid in this orientation for which the hydroxylation site (C15) is located near the activating oxygen at the sixth axial position of the heme. In this binding orientation, the 3-oxygen is located near Thr101 (corresponding to mouse residue 117). Likewise, CM13 and C17 are located near Leu294 and Val3, which correspond to mouse residues 365 and 481, respectively. The model is also consistent with topological relationships between the specific sites of the steroid molecule and the key residues of mouse P450 shown in Fig. 4 (Fig. 5) . These orientations can be interconverted by a rotation of the steroid molecule about its long axis (27) . These results support the hypothesis that the steroid molecule in the pocket may be in dynamic equilibrium with multiple binding orientations and that the equilibrium is apparently determined by a few critical residues including those at positions 117, 209, and 481.
SUMMARY
In summary, the P450 enzymes collectively display a broad range of substrate specificities, whereas individually they are often characterized by a high degree of substrate and product selectivity. These seemingly paradoxical characteristics result from the fact that the structure of the substrate-heme pocket in the P450s is remarkably flexible so as to accommodate various substates in multiple orientations.
Structural flexibility can be controlled by residues at key positions in the substrate-heme pocket.
Site-directed mutagenesis has identified these key positions and predicted substrate binding orientations. During the past 5 years, a large number of mutant P450s have been constructed, expressed, and purified. So far, however, these P450s have been analyzed only with respect to their hydroxylase specificities and, at most, their Km and Vmax with a limited numbers of substrates. The bacterial expression system provides an excellent opportunity to study mammalian P450s using physicochemical methods such as NMR, CD, and X-ray crystallography.
Thus, site-directed mutagenesis studies combined with physical measurements should provide the underlying principles that determine this flexible pocket. The combined effort should ultimately provide ways for predicting the metabolism by P450s of environmental chemicals and the subsequent human susceptibility to environmental chemicals.
